
 
 
 

 
 

 
 
  
 
 
 
 
 

 
 
 
 
 
 

 
 

  
 

 
 

 
 
 

  
 
 
 

 
 
 
 
 

  
 

 

 
 
 
 
 
 
 
 
 

 
 
 

  
 

  

  
 
 
 

 
 
 
 
 
 

 
 

  

 
 

Structural and geochemical characteristics of faulted
 
sediments and inferences on the role of water in
 

deformation, Rio Grande Rift, New Mexico
 

Jonathan Saul Caine† and Scott A. Minor 
U.S. Geological Survey, P.O. Box 25046, MS 964, Denver, Colorado 80225, USA 

ABSTRACT 

The San Ysidro fault is a spectacularly ex
posed normal fault located in the northwest
ern Albuquerque Basin of the Rio Grande 
Rift. This intrabasin fault is representative 
of many faults that formed in poorly lithi fi ed 
sediments throughout the rift. The fault is ex
posed over nearly 10 km and accommodates 
nearly 700 m of dip slip in sub hori zontal, 
silici clastic sediments. The extent of the expo
sure facilitates study of along-strike varia
tions in deformation mechanisms, archi tec
ture, geochemistry, and permea bility. The 
fault is composed of structural and hydro-
geologic components that include a clay-rich 
fault core, a calcite-cemented mixed zone, and 
a poorly developed damage zone primarily 
consisting of deformation bands. Structural 
textures suggest that initial defor ma tion in 
the fault occurred at low temperature and 
pressure, was within the paleosaturated zone 
of the evolving Rio Grande Rift, and was 
dominated by particulate flow. Little geo
chemical change is apparent across the fault 
zone other than due to secondary processes. 
The lack of fault-related geochemical change 
is interpreted to reflect the fundamental 
nature of water-saturated, particulate 
flow. Early mechanical entrainment of low-
permeability  clays into the fault core likely 
caused damming of groundwater flow on the 
up-gradient , footwall side of the fault. This 
may have caused a pressure gradient and 
flow of calcite-saturated waters in higher-
permeability, fault-entrained siliciclastic sedi 
ments, ultimately promoting their cemen
ta tion by sparry calcite. Once developed, 
the cemented and clay-rich fault has likely 
been, and continues to be, a partial barrier to 
cross-fault groundwater flow, as suggested by 
petrophysical measurements. Aeromagnetic 
data indicate that there may be many more 
unmapped faults with similar lengths to the 

†E-mail: jscaine@usgs.gov 

San Ysidro fault buried within Rio Grande 
basins. If these buried faults formed by the 
same processes that formed the San Ysidro 
fault and have persistent low-permeability 
cores and cemented mixed zones, they could 
compartmentalize the basin-fill aquifers more 
than is currently realized, particularly if 
pumping stresses continue to increase in re
sponse to population growth. 

INTRODUCTION 

Although it is commonly known that fault 
zones are mechanical and hydrologic hetero
geneities in Earth’s upper crust (e.g., Lovering, 
1942; Sibson, 1977; Chester and Logan, 1986; 
McCaig, 1989; Bruhn et al., 1990; Martel , 1990; 
Knipe, 1993; Antonellini and Aydin, 1994; 
Sibson , 1994; Haneberg, 1995; Caine et al., 
1996; Lopez and Smith, 1996; Hitzman, 1999; 
Shipton et al., 2002; Wibberley et al., 2008), 
the internal properties that cause hetero geneity, 
their three-dimensional variations, and the 
funda mental processes that lead to these varia
tions are poorly understood. The purpose of this 
paper is to add to the growing body of literature 
that focuses on the characteristics of fault zones 
in poorly lithified, siliciclastic sediments, with 
particular emphasis on the fault core, where a 
significant amount of strain is accommodated. 
Such fault zones are distinct from their counter
parts in well-lithified sedimentary rock (e.g., 
Heynekamp et al., 1999; Rawling et al., 2001; 
Bense et al., 2003), and the San Ysidro fault 
zone in the middle Rio Grande Rift of New 
Mexico is an exceptionally well-exposed ex
ample. In this paper, we present the results of 
detailed structural, lithologic, geochemical, and 
petrophysical analyses and observations from 
several locations along a 10-km-strike exposure 
of the San Ysidro fault zone. Using these data, 
we characterize the macroscopic form of the 
fault zone and infer the key deformation mecha
nisms that formed it. We also speculate on the 
deformation conditions and present textural and 

geochemical evidence that water played an im
portant role in the formation of the fault zone. 

Our hypothesis is that in its initial stages of  
growth, prior to partial lithification and f ault-
localized calcite cementation, the San Ysidro  
fault formed at low temperature and shallow  
depth by particulate flo w in the saturated zone  
of a paleo–groundwater-fl ow  system. Although  
common to the formation of many fault zones  
in the brittle crust, clay-rich fault cores appear  
to evolve by different processes due to differ
ences in protolith composition, water saturation,  
and degree of lithification (cf. Engelder , 1974;  
Lindsay et al., 1993; Vrolijk and van der Pluijm,  
1999; Rawling and Goodwin, 2003, 2006). Our  
results highlight the importance of mechanical  
versus geochemical processes in the formation  
of clay-rich fault cores in dominantly silici
clastic, poorly lithifi ed sediments. 

The San Ysidro fault was originally selected  
to study the origins of linear anomalies revealed  
in high-resolution aeromagnetic data acquired  
over the Albuquerque Basin and interpreted  
as intrabasin faults by Grauch et al. (2001).  
Our studies of exposures of aeromagnetically  
resolved faults, such as the San Ysidro, have  
shown that the anomalies are caused by juxta
position of subhorizontally layered Santa Fe  
Group sediments with varying concentrations of  
magnetic minerals (Grauch et al., 2006; Hudson  
et al., 2008). On the basis of this work, we pro
pose that the San Ysidro fault may be an analog  
for buried, aeromagnetically resolved, rift basin  
faults in general. We also discuss the role of this  
class of faults in the potential compartmentaliza
tion of the Santa Fe Group aquifer system due to  
their exceptionally persistent, low permeability,  
clay-rich fault cores and calcite-cemented mixed  
zones (cf. Minor and Hudson, 2006). 

REGIONAL GEOLOGIC SETTING 

The San Ysidro fault is located in the north
western Albuquerque Basin (Fig. 1). The Albu
querque Basin is one of numerous basins of the  
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Rio Grande Rift in Colorado and New Mexico 
(May and Russell, 1994; Minor and Hudson, 
2006). The basin initiated its formation during 
the early Miocene and is still evolving (Kelley, 
1982; Chapin and Cather, 1994). The Albu
querque Basin has been syntectonically fi lled 
with Santa Fe Group fl uvial, debris-fl ow, eolian, 
and playa sediments. These are primarily de
rived from Proterozoic through Cenozoic bed
rock exposed in the nearby rift flanks, as well 
as sediment transported into the basin via the 
ancestral Rio Grande drainage system (Connell 
et al., 1999; Smith et al., 2001). 

Siliciclastic sands, silts, and gravels domi
nate the basin-fill sediments in the vicinity of 
the San Ysidro fault. Several distinctly pure and 
laterally extensive clay units, which are each 
generally not more than 1 to 2 m thick, also are 
present in the section. Numerous gravel-rich 
beds are compositionally immature, and high 
percentages of pebbles and cobbles are derived 
from the Jemez volcanic field to the north and 
Proterozoic metamorphic rocks of the Sangre 
de Cristo Mountains to the northeast (Fig. 1). 
Santa Fe Group sediments typically are highly 
friable, reflecting their poor degree of lithifi ca
tion due to their recent, rapid deposition and 
generally shallow burial. Calcite cementation is 
variably found throughout the sedimentary sec
tion and is sometimes localized in fault zones 
(Mozley and Goodwin, 1995; Heynekamp et al., 
1999; Mozley et al., 2004; Minor and Hudson, 
2006). Meters beyond the fault zone, several 
sandy units show strata-parallel or strata-bound 
cement that commonly forms curb-and-gutter– 
like structures and subhorizontal shelf-like fea
tures that are resistant to erosion. Collectively, 
Santa Fe Group sediments form generally fl at-
lying aquifer and aquitard units, from which the 
bourgeoning population of the region gets its 
groundwater (Hawley et al., 1995). 

The thickness of the northern Albuquerque 
Basin fill sediments ranges from <250 m to 
4300 m, and the approximate thickness is 
1200 m in the vicinity of the San Ysidro fault 
(May and Russell, 1994; Grauch et al., 1999; 
Minor and Hudson, 2006). On the basis of mini
mum sediment thicknesses and exposed uncon
formities reported in Koning et al. (1998) and 
Connell et al. (1999), we can make estimates 
regarding the exhumation, and thus minimum 
burial, of sediments now exposed along the San 
Ysidro fault. The sediments in our study area have 
been exhumed from paleodepths ranging from at 
least 750 m to 1050 m in the footwall and 15 m 
(essentially the paleo–ground surface) to 770 m 
in the hanging wall. Thickening of hanging wall 
relative to footwall units, observed throughout 
the Albuquerque Basin, is indicative of growth 
faulting (Chapin and Cather, 1994; May and 

Russell, 1994; Connell et al., 1999; Smith et al., 
2001; Minor and Hudson, 2006), making defi ni
tive estimates of maximum burial diffi cult. 
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Figure 1. Location map of the exposure of the San Ysidro fault 
within the Albuquerque composite basin of the Rio Grande Rift. 
The locations of the Sand Hill (SHF) and Calabacillas (CF, dotted 
where concealed) faults are also shown. The city of Albuquerque 
is denoted by ABQ. 

PREVIOUS WORK 

The San Ysidro fault is one of several dis
continuous faults aligned along strike in the 
northwestern corner of the Albuquerque Basin. 
These variably exposed faults define the complex 
western margin of the Rio Grande Rift south of 
the Valles caldera. Woodward and Reutschilling 
(1976) originally mapped the northernmost 
trace of the fault, which they called the San 
Ysidro fault. Kelley (1977) mapped the entire 
48 km trace as the Jemez fault, whereas Kelson 
and Personius (1997) called it the Jemez–San 
Ysidro fault. Koning et al. (1998) and Connell 
et al. (1999), who mapped our focus area in de
tail, reverted to the original name of San Ysidro. 

The San Ysidro fault zone is composed of dis
tinctive structural, lithologic, and hydrogeologic 
components that have been described previously 
in faults formed in a variety of lithologies. These 
architectural components include: (1) a fault 
core where most of the strain has been accom
modated (cf. Caine et al., 1996), which is sur
rounded by, and in sharp contact with, (2) mixed 
zones of entrained sedimentary beds, where a 
portion of the total strain may have been accom-

modated by particulate flow of clastic grains (cf. 
Heynekamp et al., 1999; Rawling and Good
win, 2003, 2006) that are further enveloped by, 
(3) damage zones (cf. Chester and Logan, 1986) 
dominantly composed of deformation bands (cf. 
Aydin and Johnson, 1978; Shipton and Cowie, 
2001). These components are surrounded by the 
protolith or undeformed host sediments (Fig. 2). 

The San Ysidro fault is architecturally similar 
to previously studied faults in poorly lithifi ed 
silici clastic sediments (Minor and Hudson, 
2006). These faults are distinct from faults that 
form in well-lithified sedimentary or crystalline 
rocks in that they do not have well-developed 
damage zones composed of open fractures 
(Rawling et al., 2001). Examples of faults simi
lar to San Ysidro include the Sand Hill fault 
(Heynekamp et al., 1999; Rawling and Good
win, 2006) and the Calabacillas fault (Doughty, 
2003), both in the Albuquerque Basin (Fig. 1), 
and faults in the Roer Valley Rift system, the 
Netherlands (Bense et al., 2003). 

The Sand Hill fault has a poorly developed, 
deformation-band–dominated damage zone, 
and a well-developed mixed zone (Heynekamp 
et al., 1999; Fig. 2). Rawling et al. (2001) 
showed that the presence of a mixed zone and 
the lack of open damage zone fractures can 
make these types of faults localized barriers (cf. 
Caine and Forster, 1999) that impede cross-fault 
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Figure 2. (A) Overview photograph of 
the San Ysidro fault zone looking north. 
(B) Schematic cross section showing the 
major boundaries of fault zone components 
as seen in the photograph. Note the fault-
parallel orientation of attenuated beds in 
the footwall and hanging-wall mixed zones 
(highlighted in yellow). The dashed line is the 
approximate footwall damage zone–protolith 
contact. FW—footwall, HW—hanging wall, 
PL—protolith, DZ—damage zone, MZ— 
mixed zone, Bdd—bedding, DB—deforma
tion band, JNT—joint. 

fluid flow significantly more than faults with 
well-developed damage zones in lithified rocks. 
Rawling and Goodwin (2003, 2006) presented 
microstructural and macrostructural evidence 
that mixed zones formed by particulate flow and 
that transgranular fracturing and comminution 
were not necessary for strain accommodation. 

The Calabacillas fault, exposed ~20 km to the 
south (Fig. 1), has less displacement than, but 
similar local stratigraphy to, the section of the 
San Ysidro fault studied here. The Calabacillas 
and San Ysidro faults are aligned, suggesting 
that the Calabacillas is a southerly continua
tion of the San Ysidro (Fig. 1; Personius et al., 
1999; Connell, 2006). Doughty (2003) utilized 
heuristic models to conceptualize the develop
ment of clay smear in the core of the Calabacillas 
fault (cf. Weber et al., 1978; Lindsay et al., 
1993; Egholm et al., 2008). In these models, 
clay smears develop through the mechanism of 

progressive formation of fault segments and re
leasing dip relays that ultimately link and estab
lish the boundaries of the fault core (cf. Childs 
et al., 1996; Heynekamp et al., 1999). As the 
fault evolves, downward translation of the clay 
smears is facilitated by progressive strain local
ized within the fault core. Eventually, the smears 
may become separated from their sources. Sub
sequent thinning of the clay smears can locally 
result in higher permeability “holes” in the fault 
core (Heynekamp et al., 1999; Doughty, 2003). 

In a regional survey of numerous fault zone 
exposures in poorly lithified sediments dis
tributed throughout the northern Albuquerque 
Basin, Minor and Hudson (2006) observed 
architectural components similar to those that 
are characteristic of the San Ysidro, Calaba
cillas, and Sand Hill faults. A key observation 
from this work is the near ubiquity of laterally 
persistent clay-rich cores. Descriptive statistics 
of fault architectural measurements indicate 
considerable influence of the protolith lithology 
on fault zone architecture, component widths, 
component composition, and strain features 
(Minor and Hudson, 2006). 

Little work has been done on the role of 
fluids in fault zone deformation in poorly lithi
fied sediments. Although Rawling and Goodwin 
(2003) acknowledged the need for study of the 
role of fluids in the evolution of faults in poorly 
lithified sediments, it was beyond the scope of 
their research. Doughty (2003) did not discuss 
the role of fluids but proposed that clay plas
ticity—and, by inference, fluid content, compo
sition, and source bed thickness—played a role 
in the development of the clay-rich smears in the 
fault core. 

METHODS 

Fault Zone Mapping and Characterization 

Using the existing 1:24,000 scale geologic 
map by Koning et al. (1998) as a base, new map
ping of the major San Ysidro fault zone com
ponents was completed at a scale of ~1:1000 in 
order to document the types, orientations, and 
positions of structures and their continuity along 
strike. Fault zone characterization was accom
plished by map inspection and outcrop-scale 
identification and description of the structures, 
mineralogic variations, and general form and 
geometry of the fault zone. Detailed study of 
the fault core was completed along continuous 
horizontal and vertical cross-sectional expo
sures ranging from less than 1 m to over 8 m 
in length. Direct measurements of along-strike 
and downdip variations in width of each fault 
component were made using a tape measure. 
Estimates of fault displacement were made us

ing dip separation of stratigraphic units from 
five cross sections at different positions along 
strike. Using a linear regression on dip separa
tion versus position along strike from the cross 
sections, a regression equation was used to es
timate dip separation anywhere along strike as 
well as to investigate relationships between fault 
component width and displacement. 

Orientations of bedding, structural contacts, 
slip surfaces and lineations, deformation bands, 
calcite veins, and fault-related fold hinges were 
measured at numerous localities along the 
strike of the fault trace. Representative samples 
of each fault zone component were collected 
along seven traverses across the fault. Each 
sample was analyzed to determine: (1) micro
structural and petrographic characteristics from 
thin section analyses, (2) mineralogy, (3) major-
element and rare earth element composition, and 
(4) liquid and mercury injection permeametry. 

Mineralogy and Geochemistry 

Mineralogical and elemental analyses of 
faulted sediments were compared to protolith 
analogs to evaluate potential changes due to 
faulting. Due to large displacement, the fault 
core materials may not be directly related to 
the adjacent protolith. Representative samples 
from each fault component were collected 
along traverses across the fault for analytical 
comparison with exposed protolith sediments. 
Surface samples were excavated from tens of 
centimeters below outcrop faces to minimize 
inclusion of the most weathered material. 
Whole-sediment samples were analyzed for 
mineralogy by powder X-ray diffraction and 
for chemistry of major elements (using a four 
acid digestion with ±10% analytical error; see 
Briggs and Meier, 2002) and rare earth elements 
(REE; digested using a sodium peroxide sinter 
with ±5% analytical error; Meier and Slowik, 
2002) using inductively coupled plasma–mass 
spectrometry (ICP-MS). 

Powder X-ray diffraction (XRD) analyses of 
whole-sediment samples from the San Ysidro 
fault were completed at two different U.S. 
Geological Survey laboratories. Two methods 
were used to analyze the raw X-ray spectra, 
RockJock (Eberl, 2003) and SIROQUANT 
(Taylor, 1991), and each are briefly described 
next. All samples were crushed to a 150 μm 
powder, micronized in a mill to an average 
grain size of ~5 μm, and then side loaded into 
holders to ensure random mineral orientation. 
The samples were X-rayed with Cu-Kα radia
tion from 5° to 65° two theta (Boulder Lab for 
RockJock) or 4° to 90° two-theta (Denver Lab 
for SIROQUANT) using 0.02° two-theta steps 
and a scan time of 2 s per step. 
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RockJock Analyses 
The mineral phases are identified, and then a 

standardless RockJock analysis (i.e., no added 
internal standard) was used to convert the XRD 
intensity data into mineral weight percents using 
the RockJock computer program (Eberl, 2003). 
Integrated XRD intensities were determined by 
whole pattern fitting (Smith et al., 1987) using a 
library of XRD patterns of pure minerals. Several 
patterns of individual minerals from the library 
were scaled simultaneously and summed together 
to create a calculated pattern that was compared to 
the measured sample pattern. The scaling factors 
were adjusted automatically until the degree of 
fit between the measured and calculated patterns 
was minimized. The error in the analyses was ap
proximately ±3 wt% (one standard deviation) at 
50 wt% of a mineral (Eberl, 2003). Each sample 
underwent at least two RockJock analyses. 

SIROQUANT Analyses 
An internal standard of Al

2
O

3
 (corundum) 

with an average grain size of 1 μm was added 
to each sample (10% by weight) to help in 
the quantification of amorphous material as 
well as crystalline phases. The subsequent 
quantitative analyses were carried out us
ing the SIROQUANT Rietveld full-profi le 
phase quantification program (Taylor, 1991). 
Mineral X-ray patterns were calculated from 
their crystallographic parameters (Rietveld), 
summed together, and then compared to the 
measured pattern. However, clays and solid 
solution minerals could not be fully described 
mathematically to allow a calculation of their 
XRD patterns. Instead, scans of pure minerals 
(full profile) available from the SIROQUANT 
data base were scaled and summed together 
with the calculated mineral patterns and fi t 
to the measured X-ray patterns using a least-
squares regression. The X-ray results have 
relative standard deviation values that range 
from ±3%–5% for phases over 30% by weight, 
±10%–15% for phases from 10% up to 30% 
by weight, ±20%–25% for phases from 3% 
to 10% by weight, to ±30%–40% for phases 
below 3% by weight. 

Fault Zone Component Permeability 

The permeability of each fault zone com
ponent was measured using core-plug liquid 
permeametry and, for fault core clay samples, 
mercury injection capillary entry pressure per
meametry. Detailed methods, data, and results 
for these measurements can be found in the 
GSA Data Repository (Fig. DR3; Table DR7).1 

LOCAL GEOLOGY OF  THE FAULT 

On the basis of existing geological maps, 
topographic lineaments, and high-resolution 
aeromagnetic data, the San Ysidro fault has an 
approximate total strike length of 48 km (Kelley, 
1977; Cather et al., 1997; Kelson and Personius, 
1997; Sweeney et al., 2002). The exceptional 
10-km-long exposure of the San Ysidro fault 
that is the focus of this paper is located along 
the central part of the fault trace (Figs. 1 and 3). 
Based on our mapping and previous mapping by 
Koning et al. (1998), we estimate that ~67% of 
the fault core and adjacent mixed zones are well 
exposed along a composite strike length of 3.4 km 
within the 10-km-long exposure mappable as a 
largely continuous, single structure (Fig. 3). 

Most faults in the basin are normal faults and 
have 10–30 km trace lengths. Little is known 
about the magnitude of displacement along 
them, whether and how these faults are seg
mented and linked, and whether they ruptured 
Earth’s surface during their evolution. The San 
Ysidro fault strikes north and dips an average of 
66° to the east (Fig. 3; Fig. DR1; Table DR1 [see 
footnote 1]). Slip lineation data from numerous 
localities along the fault indicate predominantly 
dip-slip displacement of subhorizontal beds 
(Fig. 3). Dip separation along the strike of the 
fault shows a nonconstant gradient from 440 m 

1GSA Data Repository item 2009132, provides 
supplementary information on fault displacement, 
age, slip rate, shape, orientation, kinematics, fault 
component width distributions and relationships to 
displacement, and permeametry, is available at http:// 
www.geosociety.org/pubs/ft2009.htm or by request 
to editing@geosociety.org. 

in the south to 680 m in the north (Fig. DR2; 
Table DR [see footnote 1]). 

Beds that have been entrained into the fault 
zone have dips up to 82° to the east to northeast 
(Fig. 3). Along strike, variation in the rake of 
slickenlines indicates variable oblique slip that 
appears to be controlled by the geometry of the 
fault core, particularly where it curves or jogs, 
such as adjacent to the “Horsetail” feature at 
the northern end of the fault exposure (Fig. 3; 
see GSA Data Repository for detailed data and 
discussion of the shape of the fault [see foot
note 1]). The Horsetail is an area of broadly dis
tributed, subparallel small-displacement faults 
in the San Ysidro hanging wall at the point of 
maximum curvature of a major left step (Fig. 3). 
At this point, the slip lineations on the western, 
fault core bounding slip surface of the main fault 
abruptly change from dip slip to dextral-oblique 
slip. Farther south, several clastic dikes are ob
served in the footwall. 

Figure 3. Geologic map of the San Ysidro fault showing the local stratigraphic section and structural data collected along the full length 
of the exposed fault zone plotted on lower-hemisphere equal-area projections. The mapped geology and stratigraphy are modifi ed from 
Koning et al. (1998) and Connell et al. (1999). Quat—Quaternary, Pleisto—Pleistocene, Plio—Pliocene, Fm—Formation. The topographic 
base is from U.S. Geological Survey digital elevation model data, Cerro Conejo, New Mexico, 7.5′ quadrangle. (A) Equal-area projection 
showing the great circles and tangent lineations for slip surfaces in the fault core and mixed zone. Arrows accompanying each tangent lin
eation indicate the movement direction of the footwall. The thick, black great circle and corresponding black tangent lineation with gray 
outline correspond to the mean slip surface and lineation. (B) Comparison of poles to bedding within (black) and outside (gray) the fault 
zone. (C) Comparison of poles to deformation bands (medium gray diamonds), joints (dark gray triangles), and veins (light gray circles). 
In B and C, the mean vector orientations for each type of structure are shown as corresponding, enlarged symbols. 

SAN YSIDRO FAULT ZONE 
ARCHITECTURE 

Damage Zone 

The damage zone is characterized primarily 
by deformation band faults (cf. Aydin and John
son, 1978) generally exhibiting <1 cm of separa
tion. They range in intensity from ~0.1 to 1 fault 
per meter. Individual faults range in character 
from less than 1-mm-wide individual defor
mation bands to groups of coalesced deforma tion 
bands several centimeters thick. Deforma
tion band faults generally strike north and have 
dips that are synthetic or antithetic with respect 
to the main trace of the fault zone (Fig. 3). In 
the Horsetail region, deformation bands main
tain synthetic-antithetic orientations but ap
pear to change strike similar to the main trace 
of the fault zone (Fig. 3). Less common struc
tures are small-displacement (typically ≥10 cm 
but ≤1 m), synthetic and antithetic faults (Fig. 3). 
Other structures include joints that are also lo
cally present in the undeformed protolith and 
cut all other architectural components (Figs. 2 
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and 3). Joints are near vertical; the most domi
nant set strikes approximately east-west (Fig. 3). 
The nature of the footwall and hanging-wall 
damage zone contacts with the mixed zone is 
variable. The contacts are commonly irregularly 
shaped zones of deformation bands and (or) slip 
surfaces that separate subhorizontal beds from 
rotated beds. Along some traverses, damage 
zone width is asymmetric, with the hanging-wall 
damage zone locally absent. 

Mixed Zone 

Between the damage zone and fault core, 
there is a zone of entrained beds similar in struc
tural and physical character to that observed 
by Heynekamp et al. (1999) and Rawling and 
Goodwin (2003, 2006) along the Sand Hill 
fault, and those observed by Minor and Hudson 
(2006) along most faults exposed in the north
ern Albuquerque Basin. Materials entrained into 
what Heynekamp et al. (1999) called a “mixed 
zone” range from largely intact but friable sedi
mentary beds up to 1 m in thickness and 4 m 
in length, to friable mixtures of silt, sand, and 
gravel that have no remnants of original sedi
mentary layering. Relatively intact entrained 
beds have been rotated into orientations sub
parallel to the fault core (Fig. 3). Where present, 
variably mixed materials are generally confined 
to small volumes between intact entrained beds 
but also randomly cut these beds in irregularly 
shaped bodies. 

Entrained beds rotated parallel to the fault 
core have been cemented by sparry calcite at 
numerous localities along the strike of the fault. 
Field observations qualitatively indicate that 
cement in the fault zone appears to be most 
abundant in the footwall mixed zone. Calcite 
cementation also has preserved sand beds that 
have been folded and attenuated in the mixed 
zone at several localities (Figs. 4 and 5). Ad
ditionally, deformation bands and sparry calcite 
veins cut the cemented, entrained beds. Sparry 
calcite veins have a somewhat dispersed dis
tribution of orientations, including a diffuse 
NNW-striking and moderately to steeply west-
dipping mean set and a subvertical east-striking 
set (Fig. 3). Our thin section analysis of calcite-
cemented, mixed zone samples shows little 
evidence of fault-related intragranular or inter
granular fracturing or cataclasis except where 
cut by deformation bands. 

 

SSllliiippp sssuuurrrfffaa

A

B accceee 

A 

B 

Figure 4. (A) Calcite-cemented bed at the footwall damage zone–mixed zone contact in the 
southern segment of the San Ysidro fault zone preserves a “drag” fold. (B) A similarly ro
tated, attenuated, sheared, and cemented sand bed. The hammer is parallel to the dip of un
rotated subhorizontal bedding, and the field notebook is parallel to the dip of the entrained 
and rotated portion of the bed. Note the near vertical slickenlines on the slip surface that cut 
the bed. Field notebook is 12 cm wide. 

Mixed Zone–Fault Core Contact 

The San Ysidro mixed zone–fault core 
boundary is everywhere sharp and is com
monly bounded by well-defined slip surfaces 
(Fig. 5). Unlike fault core–bounding slip sur-

faces in lithified rocks, San Ysidro bounding 
slip surfaces typically are unpolished and show 
no evidence of silicification. In some cases, 
these surfaces are parallel to fault-entrained 
and attenuated bedding surfaces that host 
ridges and grooves indicating normal dip slip. 
Local sparry calcite cementation at the contact 

has preserved a variety of slip lineations, slip 
surfaces, and other structures (Fig. 5). Many 
of the cemented slip surfaces differ from slip 
surfaces commonly observed in faults in well
lithified rock in that they exhibit slip-parallel 
linear, curviplanar, and convoluted features 
that curl over in wave-like forms. Many of 
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these features are rather large; dimensions can 
be several tens of centimeters long and up to 
several centimeters wide and deep. On some 
slip surfaces, there are sole-mark or flame-like 
features that are similar to fluid escape struc
tures found in sediments that have undergone 
soft-sediment deformation (cf. Lowe, 1975; 
Petit and Laville, 1987). However, these are 
linear features that are generally well orga
nized and aligned parallel to other dip-slip 
kine matic indicators. 

In a few locations, we observed vertically 
elongate, sparry calcite-cemented concretions 
similar to those described by Mozley and Good
win (1995). These are rather large, column-like 
features that are tens of centimeters long and 
a few centimeters in diameter with no visible 
internal bedding. Where slip surfaces are un
cemented, the convolute features similar to the 
cemented structures described previously are 
observed but are not as well defined. Sparry cal
cite veins everywhere cut the slip surfaces and 
various other fault-related structures (Fig. 5). 

A 

GroovesGrooves 

B

and
ridges
on slip
surface

and 
ridges 
on slip 
surface 

B 

CalciteCalcite 
veinsveins 

C

Slip
surface
grooves

Slip 
surface 
grooves 

C 

Figure 5. (A) Photograph of a large, unpolished slip surface on an entrained and calcite-
cemented sand bed at the footwall mixed zone–core contact. The grooves and ridges are on 
a bedding plane subparallel to the outcrop surface and parallel to the slip direction. Gumby 
is 8 cm tall. (B) Detail of calcite veins that cut the structures in A in the lowermost left corner. 
Gumby is 8 cm tall. (C) Detail of a slip surface showing grooves plunging downdip, a knob in 
the central lower portion of the photograph, and slip-parallel convolutions. Note the open, 
crosscutting diagonal fractures. Compass is 6 cm long. 

Fault Core 

Where exposed, the fault core ranges from 
clay-sized material that is dominated by clay 
minerals to a mixture of grain sizes including 
clay, silt, sand, and pebbles. In some localities, 
the core is internally segregated and character
ized by fault-parallel clay-rich units or bands 
of distinctive color (Fig. 6). In many of these 
clays, there is no evidence of bedding and (or) 
laminations. The clay bands are distinguished 
by their green-gray and, more commonly, red-
brown color, which contrasts strikingly with 
the generally beige siliciclastic host sediments. 
Typically, curviplanar margins of the fault core 
clay units completely conform to any surface or 
feature with which they are in contact or juxta
posed (Fig. 6). 

Other features of the core include incised 
and noncylindrical, convoluted surfaces with 
curvilinear ridges and furrows of clays gener
ally aligned in the direction of slip. In some ex
amples, the crests of the convolutions are folded 
back upon themselves in an irregular manner 
(Fig. 6). Some of these features are similar to 
those present in the sands of the mixed zone 
but are commonly smoother, more irregularly 
shaped, and have generally smaller dimensions. 
Slip surfaces in the San Ysidro clay core have 
some similarities to “ridge-in-groove” slicken
lines of Means (1987), but they are more ir
regular, quite large, and deeply incised, and they 
do not necessarily define a highly organized 
foliation. Features within the clay core, such 
as irregular chunks of sediment, dismembered 
clay beds, macroscopic lithic clasts, and other 

A
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grains strung out along curviplanar trains paral
lel to the fault, are completely enveloped by the  
clays. All of these resemble features observed  
in other clay-rich fault cores in poorly lithified  
sediments throughout the middle Rio Grande  
Rift (e.g., Minor and Hudson, 2006). 

Small, 1-cm-thick sand injections locally cut  
entrained beds of the mixed zone, refract irregu
larly into the adjacent clay core, and pass out  
the opposite side. Moderately well-developed,  
but irregular lens-like cleavage hosting minor,  
polished slip surfaces is present in many clay-
core exposures, particularly where the clay con
tent is high (Fig. 6). Where this cleavage is well  
developed, slip surfaces commonly not only cut  
the clay units, but also cut internal clasts, ridges,  
and furrows. In a few exposures, small faults  
with centimeters of displacement and no calcite  
cementation cut the clay-core materials, convo
lute structures, and cleavage developed within  
it. Only rarely does the fault core show sand
on-sand juxtaposition or brecciation of all of the  
core materials. 

fault ffaauulltt ccorecoorree 

AA 
Clay-richCCllaayy-rriicchh 

B
GreenGrGreeeenn  RedReRedd  
claysclclaayyss  claysclclaayyss  

B 

Noncylindrical 
convolution 

Ridge and
furrow slip 
surfaces 

CC Lens-likeLLeennss-lliikkee  
cleavagecclleeaavvaaggee  

NNoonnccyylliinnddrriiccaall 
ccoonnvvoolluuttiioonn 

RRiiddggee aanndd 
ffuurrrrooww sslliipp 
susurrffaacceess 

Figure 6. (A) Photograph looking north at the clay-rich 
fault core where it abruptly thins from >1 m to 6 cm in 
width. The core in this exposure is composed of nearly 
pure, red-brown clay, and it shows foliation subparallel 
to the nominal plane of the fault. Pick handle is 0.3 m 
long. (B) View of clay core with entrained and juxtaposed 
red-brown and green clay at an exposure ~3 km south of 
the exposure shown in A. Field notebook is 12 cm wide. 
(C) Close-up view of an exceptional example of a large 
noncylindrical convolution, internal ridge and furrow-
like slip surfaces with small protruding asperities, cross
cutting lens-like cleavage, and lithic clasts and chunks of 
entrained sands in a brown, clay-rich fault core from the 
Santa Clara fault zone in the Española Basin northeast 
of the San Ysidro fault. Similar features observed in the 
San Ysidro fault core are typically quite small, as they 
are in clay-rich fault cores throughout the basins of the 
middle Rio Grande Rift. The pencil is 14 cm long and is 
lying in the nominal plane of the cleavage. 

Fault Zone Architectural Widths and 
Relations to Displacement 

As mentioned already, a damage zone is  
not present everywhere along the San Ysidro  
fault. Where present, damage zone widths (i.e.,  
thickness between bounding contacts) were  
estimated by measuring from the mixed zone  
edge to where there is a subjective macroscopic  
decrease in deformation band intensity rela
tive to the adjacent protolith. Hanging-wall and  
footwall damage zone widths range from 2.4 m  
to 59.8 m and average 20.9 m. The mixed zone  
ranges in width from 0 to 7.5 m in the footwall  

Caine and Minor 
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and from 0 to 4.5 m in the hanging wall. Other  
than at a few rare exposures where there is sand-
on-sand juxtaposition and the fault core is ex
ceptionally thin, the core ranges in width from  
0.02 m to 3.50 m, with a median of 0.17 m and a  
mode of 0.10 m (Figs. 6 and 7; Tables DR2 and  
DR3 [see footnote 1]). 

When all fault architectural component  
widths are added together (cf. Caine et al.,  
1996), the total cross-sectional fault zone widths  
range from 9 to 99.6 m, with a median of  
45.4 m, for seven traverses across the fault where  
each component was measurable (Table DR2 
[see footnote 1]). The sample size is small, and  
frequency histograms of total fault width, or any  
other fault component width in the footwall or  
hanging wall, show no functional distribution  
except for a possible log-normal frequency rela
tionship of fault core widths (Fig. 7; Table DR2  
[see footnote 1]). 

Figure 7 also includes a scatter plot of com
puted dip separation versus measured fault  
core width using the equation derived for dip  
separation along strike. A linear regression of  
the result ing paired values of separation versus  
width results in a poor correlation (R2 = 0.009),  
consistent with the field observ ation that fault  
core width is not well correlated with displace
ment in the San Ysidro fault (Fig. 7; cf. Shipton  
et al., 2002). Field observations also show that  
there is no correlation with width for any of the  
other fault components with either displacement  
or position along strike. Minor and Hudson
  
(2006) observed a similar lack of correlation for  
the faults they studied elsewhere in the northern
  
Albu querque Basin.
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Figure 7. (A) Histogram of clay-rich fault core width 
measurements at 35 localities along the strike of the 
San Ysidro fault. (B) Plot of dip separation estimates 
derived from cross sections across the San Ysidro fault 
(see Fig. DR2 [see text footnote 1]) versus distance along 
strike, showing linear regression results. R2 = regression 
correlation coeffi cient. (C) Plot of computed dip separa
tion derived from the regression equation in B versus 
fault core width along strike of the San Ysidro fault. 
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MINERALOGY AND ELEMENTAL  
GEOCHEMISTRY 

Sample mineralogy and major and rare earth 
elemental geochemistry results are plotted in 
Figures 8, 9, and 10 (from data provided in 
Tables DR4, DR5, and DR6, respectively [see 
footnote 1]). The data are plotted for each archi-
tectural component where it could be sampled 
along seven traverses across the fault. The num-
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ber of samples for any component is not large,  of dominantly siliciclastic sand (Fig. 8). In gen-
ranging from 2 to 8 in number, and therefore  eral, the highest concentrations of calcite are  
samples do not represent the full potential range  found in the footwall mixed zone. Two clastic  
in variability. It is also important to reiterate that  dike samples are generally quartz-rich and clay-
the sample sets only reflect the current structural   poor, and one is calcite cemented. 
levels and juxtapositions along the fault. Thus,  The fault core is predominantly composed of  
they do not provide a direct comparison between  clay. However, variable mixtures of clay, silt,  
fault core and protolith source bed compositions  sand, and lithic clasts that are mineralogically  
due to the large displacements across the fault. similar to the protolith siliciclastic sediments  

Protolith and mixed zone samples are grouped  also have been identified (Fig. 8). Clay mineral   
according to the degree of calcite cementation  data are grouped together as total clay and as  
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Figure 8. Plots of X-ray dif-
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individual clay minerals for a small subset of the 
samples obtained from the most pure clay cores 
and the two protolith clays that were analyzed 
(Fig. 8; Table DR4). Total clay concentrations 
of the protolith samples fall within the varia
bility of the fault core samples. The fault core 
sample with the highest total clay concentration 
has 43% more total clay than the mean value of 
the two protolith samples. The dominant clay 
minerals include kaolinite, ferruginous smec
tite, and illite. Relative to the protolith, the core 
has the following: (1) generally less kaolinite, 
(2) nearly three times as much ferruginous 
smectite, and (3) variable illite concentrations 
that are a maximum of 35% greater than the 
mean protolith values. 

The major rock-forming elements of fault 
component samples are shown in box plots 
in Figure 9 (Table DR5 [see footnote 1]). The 
samples are grouped as clay protolith; clastic 
dikes; weakly cemented versus cemented foot
wall and hanging-wall protolith and mixed 
zone sediments; and clay-rich versus clay-sand 

mixtures from the fault core. The absolute dif
ferences in mean concentrations between each 
group are generally small in magnitude, within 
several percent, and most fall within the range 
of variability of the data for each (Fig. 9). Cal
cium is an exception; the absolute difference 
for calcium is higher by up to 15% in the foot
wall and hanging-wall mixed zone sediments 
relative to any other fault component due to 
calcite cementation (Fig. 9). In addition, the 
relative percent difference of mean elemental 
concentrations beyond analytical error (±10%) 
between the clay protolith and some of the 
entrained clay-rich and clay-sand mixtures 
in the fault core is substantial. Relative to the 
two protolith clay beds, the clay-rich fault core 
samples have 30%–54% higher mean concen
trations of iron, magnesium, and potassium 
(Table DR 5 [see footnote 1]). No substantial 
elemental decreases are observed between the 
protolith clays and clay-rich fault core samples. 
However, clay protolith compared with fault 
core clay-sand mixtures shows relative per

cent decreases of 22%–52% in all elements 
except potassium. In fact, the fault core clay-
sand mixtures tend to fall between the clay and 
sand proto liths for most elements (Fig. 9). 
Although box plots aggregate all sample data 
from individual traverses across the fault zone, 
the variations among the mean values from dif
ferent traverses within any single fault com
ponent, and along the strike of the fault, show 
similar patterns to the individual traverses. 

Chondrite-normalized (cf. Anders and Ebihara , 
1982) rare earth element (REE) patterns are 
shown in Figure 10 and Table DR6 (see foot
note 1), where the data are grouped in the same 
manner as they were for the XRD data. REE 
patterns of the clays and clay-rich sediments 
from the protolith and mixed zone are essen
tially identical to those of the clays in the fault 
core, with a distinct negative europium anom
aly. REE patterns from the hanging-wall clay-
rich protoliths are nearly identical to those of 
the footwall. The REE patterns also appear to 
reflect clay content, since pure clay samples 
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tend to form groups, as do the progressively 
more sand-rich samples. 

Calcite-cemented sediments, sediments with  
deformation bands, and crosscutting sparry cal
cite veins have distinct REE patterns (Fig. 10).  
Calcite-cemented sediments from all fault com
ponents, in both the footwall and the hanging  
wall, show generally lower values for light  
REEs, negative cerium anomalies, and rela
tively similar or higher values for heavy REEs  
than the weakly cemented to uncemented sedi
ments. The sparry calcite cement is also distinct  
from a sparry calcite vein sample because the  
vein has the overall lowest concentration of light  
REEs and the most negative cerium anomaly.  
Clastic dikes show REE patterns essentially the  
same as the host siliciclastic sediments except  
that the more cemented of the two dikes sam
pled has lower light REE values, consistent with  
the more cemented host sediments. 
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Figure 9. Box plots showing the elemental concentrations (in per
cent) of eight common rock-forming elements for all samples. Group
ings include proto lith clays, clastic dikes, footwall and hanging-wall 
damage and mixed zone samples grouped together but differentiated 
by degree of calcite cemen ta tion, and two groupings of samples 
from the fault core, clay-rich and clay sand mixtures. The fault 
core data are separated by dashed lines. Each box shows the con
centrations of the 75th percentile (top box edge), the median (black 
dot), mean (intermediate line), and 25th percentile (bottom box 
edge) for each component. The top and bottom whiskers show the 
concentrations of the 10th and 90th percentiles, respectively. Abbre
viations: FW—footwall, HW—hanging wall, PL—protolith, n— 
number of samples. 

ESTIMATES OF FAULT ZONE 
COMPONENT PERMEABILITY 

To evaluate the permeability contrasts in  
components of the San Ysidro fault zone, rep
resentative samples were collected along seven  
traverses across the fault (Fig. 8). The minimum  
permeability measured, 3.0 × 10–20  m2, was  
from the clay-rich fault core. The maximum,  
6.8 × 10–12  m2, was from uncemented, coarse  
sand from the footwall protolith (Fig. DR3;  
Table DR7 [see footnote 1]). This ~6.5 orders  
of magnitude permeability contrast between  
the clay core and protolith is representative of  
the fault zone as a whole and is consistent with  
previous work on the Sand Hill fault by Rawling  
et al. (2001). Because unoriented samples of the  
clay-rich fault core were used for these analy
ses, permeability anisotropy within the fault  
core could not be evaluated. However, fi ve  cores  
were drilled from oriented, carbonate-cemented  
sand samples collected from the mixed zone to  
evaluate permeability anisotropy in beds en
trained into the fault. Most of these directional  
samples were nearly isotropic; the maximum  
anisotropy measured was about one order of  
magnitude; and the maximum permeability di
rection was parallel to bedding and the nominal  
plane of the fault into which it was entrained  
(Table DR7 [see footnote 1]). 

DISCUSSION 

Field observations indicate that protolith 
sediment was entrained into the San Ysidro fault 
zone. Cemented sand beds record folding where 
beds were rotated at the margins of the mixed 
zones (Fig. 4). Beds preserved in the mixed zones 
dip steeply and have been thinned to varying 
degrees (Fig. 11). Thinning appears to have oc

curred without the development of discrete struc- The steeply dipping fault core is a single, 
tures, since there is a notable absence of fractures nearly continuous structure, pervasively clay-
in the mixed zones from the mesoscopic to the rich, and in sharp contact with the sand-rich 
microscopic scale. The only exceptions are mixed zone. Within the clay-rich core, there is 
sparry calcite veins and few deformation bands segregation of distinct, differently colored thin 
that postdate mixed zone cementation. clay bands, many without evidence of bedding. 
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Figure 10. Plots of chondrite-normalized rare earth ele
ment (REE) data organized by fault core and footwall 
and hanging-wall sediment samples. The various line 
and point symbols and colors indicate bulk lithology and 
degree of calcite cementation, as defined in the legend  
at the top. Abbreviations: PL—protolith, MZ—mixed 
zone, DZ—damage zone. 

Within these clay bands, there locally are trains  
of siliciclastic grains strung out in parallelism  
with the fault. Nonclay grains and grain ag
gregates in the core are always completely en
veloped by clays, as are the convolute contacts  
with the siliciclastic mixed zone. Fault-parallel  
cleavage within the clay-rich core cuts but does  
not displace various internal features such as  
bedding. This suggests that cleavage was sec
ondary to the initial entrainment of material in  
the core. This cleavage also was subsequently  
cut by small faults. 

Observations from the mixed zone and clay 
core—particularly the evidence of extreme  
thin ning of sand beds and likely of clay bands 
without primary fracturing—support an inter
pretation of initial deformation through distrib
uted particulate fl ow in these poorly lithifi ed 
sediments. Stratigraphic considerations suggest 
that deformation occurred at depths ranging 
from the near surface to no more than ~1 km. 
The degree of groundwater saturation, or depth 
relative to the paleo–water table, cannot be 
similarly constrained, but it must be inferred 
from circumstantial evidence. Clastic dikes 
and sand injections that cut the fault core pro
vide evidence of complete saturation of the 
sand source, which is unlikely to be far from 
the injection sites. Mixed zones were cemented 
subsequent to at least part of the deformation 
history. Cements are coarse crystalline calcite, 
consistent with phreatic cementation. These 
pieces of evidence support, but do not conclu
sively prove, an interpretation of saturation dur
ing deformation. 

More provocative evidence supporting defor
ma tion in a saturated state is provided by  outcrop-
scale structures. Structures similar to the  
grooved and convolute margins we have ob
served at the contacts between fault-entrained  
lithologic layers were previously interpreted by  
Petit and Laville (1987) as recording defor ma
tion in a water-saturated state. However, Petit  
and Laville were also unable to prove saturation  
at the time of faulting. Signifi cantly, Clausen  
and Gabrielsen (2002) recently conducted a  
series of deformation experiments on water-
saturated clays and clay-sand mixtures using a  
ring-shear apparatus. In these room tempera
ture laboratory shear experiments, the role of  
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A Initial deformation, normal regional groundwater flow 

 

 
 

 

 

 

B Entrainment, damming increases local flow, initiates cementation 

C Continued cementation, localized deformation, impeded cross-fault flow 

EXPLANATION and PERMEABILITY (k) 

Deformation bands 
and small faults k3 

Calcite veins k3 

Clay beds k4 
k1 >>> k4 

Silty sand beds k2 

Sand beds k1 (pre-cement) 

Cemented sand k3 (post-cement) 

Groundwater flow with arrow lengths 
proportional to geological flow rates 

Figure 11. Schematic diagrams of three possible stages in the inferred conceptual model for 
the formation and evolution of the San Ysidro fault. Black arrows indicate relative motions 
of the footwall and hanging wall, and blue arrows indicate the direction and relative magni
tude of groundwater flow controlled by the evolving permeability structure of the fault. (A) 
Initial deformation inferred to be at low temperature and pressure in the paleo–saturated 
zone with essentially unperturbed regional, lateral groundwater flow controlled by the bulk 
permea bility (k) of each stratigraphic unit. (B) During growth of the fault, entrainment 
of clay units by particulate flow results in partial to nearly complete damming of regional 
groundwater against the fault. Consequences of this damming are discussed further in the 
text. (C) Distributed particulate flow gives way to localized deformation in discrete crosscut
ting deformation bands, small-displacement faults, calcite veins, extension fractures, and 
lens-like cleavage. 

numerous parameters in the attenuation of clay kaolin, quartz, feldspar, calcite, and other com
and clay-sand mixtures was investigated. The mon rock-forming minerals), and water content 
major parameters tested include applied nor- (5%–13% above ambient). The experimental re-
mal stress (6–500 kPa), strain rate (~3–0.3 h sults indicate that water content was among the 
per 360 degrees of rotation), sample composi- most important controls on the ability of clays 
tion (varying percentages of illite, smectite, to attenuate—a clay source of a given thickness 

could attenuate to a length that was many times 
the original thickness when water saturated 
(Clausen and Gabrielsen, 2002). Based on these 
experimental results and our observations, we 
conclude that the pervasive clay-rich fault core 
of the San Ysidro fault, within the otherwise 
predominantly siliciclastic protolith, resulted 
from entrainment during shear accompanied by 
extreme attenuation of a few protolith clay beds, 
consistent with deformation in the saturated 
state. We infer that other structures described 
earlier by Petit and Laville (1987) also record 
this saturated state. 

Mineralogical and geochemical analyses of 
fault zone components are generally consistent 
with water-saturated soft-sediment deforma
tion. Specifically, the chemical signatures of 
sediments within and outside the fault zone are 
broadly similar, indicative of a lack of exten
sive geochemical reactions. Three exceptions 
are worth noting. First, preferentially calcite-
cemented  mixed zone sands show notably (and 
not surprisingly) higher Ca content than un
cemented protolith sands. Second, fault core 
samples that are relatively pure clay have a lo
cally higher clay content than the two protolith 
clay beds sampled, and they have distinctly 
higher smectite, Fe, Mg, and, in some cases, illite 
and K concentrations. These fault core clays may 
record the entrainment and thus “sampling” of 
distinct protolith clay layers that are more clay-
rich, and compositionally different, from the 
two studied here. Alternatively, they may record 
additional processes of clay enrichment directly 
within the fault core. Two processes, for which 
evidence was presented previously by Wilson 
et al. (2006), that might apply here are (1) in situ 
alteration of unstable grains (most likely lithic 
fragments or plagioclase) and (2) translocation 
of clay from the surface through the unsaturated 
zone. REE data from the San Ysidro fault require 
that if trans location were important, the source 
clay would be similar to the protolith layers 
sampled. Distinguishing unequivocally between 
these possibilities would require analysis of a 
wider range of protolith clays, which was pro
hibited by lack of exposure. Third, samples of 
the fault core that are clay-sand mixtures tend to 
show local decreases in concentrations of all ele
ments except potassium relative to the protolith 
clays. This decrease is most likely indicative of 
“dilution” of these mixed samples by quartz and 
feldspar-rich sediment. Support for this interpre
tation comes from the observation that the mixed 
samples are generally intermediate in composi
tion between the clay- and sand-rich protoliths, 
consistent with mechanical mixing, probably by 
particulate fl ow. 

Collectively, the observations and data pre
sented suggest that the San Ysidro fault zone 
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Caine and Minor 

structure was determined fundamentally by 
mechanical processes dictated by both the 
poorly lithified nature of protolith sediments 
and probable water saturation. Clay enrichment 
of the fault core beyond what was physically 
entrained, if it occurred at all, was a secondary 
process that most likely involved in situ altera
tion of mineralogically unstable grains. Such 
alteration would be facilitated by groundwater 
saturation of the clay-rich core, which would 
provide both water content and a substrate for 
new clay growth. 

The development of a virtually continu
ous, low permeability, clay-rich fault core has 
important consequences for the permeability 
evolution of the fault zone and the siliciclas
tic aquifer in which it resides. In particular, in 
the absence of effects from crosscutting joints, 
it is expected to dam cross-fault fl ow, creating 
a head drop across the fault (Haneberg, 1995) 
and thus anisotropy  in the regional ground
water fl ow field due to flow being redirected at 
the fault (e.g., Fig. 11). Evidence of this type of 
fault zone acting as a partial barrier is observed 
today along several faults in basins of the Rio 
Grande Rift. This evidence includes: hydraulic 
head drops on the down-gradient side of faults 
(Johnson and Frost, 2004), interferometric syn
thetic aperture radar (InSAR) data indicating 
possible areas of ground surface subsidence 
and uplift, localized near municipal wells, that 
appear bounded and controlled by faults (Hey
wood et al., 2002), and various thermal and 
geochemical anomalies in the vicinity of faults 
(Reiter, 1999; Plummer et al., 2004). The details 
of groundwater (or other fl uids) fl ow directions 
and magnitudes in the vicinity of such faults 
are determined by the development of low-
permeability fault zone elements (i.e., clays and 
cements) and their continuity, juxtaposition of 
sedimentary beds of different permeability on 
either side of the fault, as well as the magnitude 
and direction of the regional groundwater fl ow 
gradient relative to the fault orientation. 

Fault-controlled paleo–groundwater fl ow is 
recorded by zones of preferential and asymmet
ric cementation within the fault zone, consistent 
with observations in several basins of the Rio 
Grande Rift (Minor and Hudson, 2006). Some 
of these zones may include oriented concretions 
that provide a record of paleofl ow direction 
(cf. Mozley and Goodwin, 1995). Cementa
tion occurred subsequent to fault initiation, and 
cemented zones themselves show evidence of 
subsequent fault-related deformation. The latter 
is not extensive, probably because subsequent 
slip was localized in weaker elements of the 
fault zone, such as the fault core, as evidenced 
by small faults without cements within the clay-
rich core itself. 

CONCLUSIONS AND IMPLICATIONS 

Although the San Ysidro fault exhibits out
crop- to map-scale (1:24,000) geometric and 
structural features that are similar to those 
present  in faults formed in fully lithifi ed rocks, 
there are numerous differences. Like some 
faults in rock (e.g., Scholz, 1987; Hull, 1988; 
Wibberley et al., 2008), there is no systematic 
variation in the width of fault zone components 
(core, mixed zone, or damage zone) with respect 
to displacement, position along strike, or loca
tion within the sedimentary section. One archi
tectural component found in the San Ysidro 
fault zone that has not been reported in well
lithified rock is a mixed zone (cf. Heynekamp 
et al., 1999; Rawling and Goodwin, 2003). The 
San Ysidro mixed zone is a distinctive zone 
with a notable absence of evidence for frac
turing in its initial formation. This zone shows 
extreme thinning of sand beds indicative of 
physical entrainment into the fault facilitated 
by particulate flow, as postulated for the Sand 
Hill fault (Heynekamp et al., 1999; Rawling and 
Goodwin, 2003). 

Several detailed studies have reported fault-
related macroscopic and microscopic structural 
features in poorly lithified sediments similar 
to those found in the San Ysidro fault (e.g., 
Lindsay et al., 1993; Lehner and Pilaar, 1997; 
Heynekamp et al., 1999; Aydin and Eyal, 2002; 
Doughty, 2003; Rawling and Goodwin, 2003, 
2006; Minor and Hudson, 2006). These obser
vations imply that fluid involvement, and the 
asso ciated evolution of deformation mecha
nisms in the growth of faults such as those in
ferred for the San Ysidro fault, may be common 
in faulted, poorly lithified sediments in general. 
Specifically, several of the structures found in the 
mixed zones and clay-rich fault core of the San 
Ysidro fault are consistent with the initial stages 
of defor mation having been accommodated in 
part by particulate flow, at less than ~1 km depth, 
and below the paleo–water table. The distinct, 
nearly continuous core of the San Ysidro fault 
zone is clay-rich virtually everywhere it is ob
served along its entire 10-km-long exposure in 
spite of the dominantly siliciclastic protolith. 
The continuity of clay units in the core of the 
San Ysidro fault zone may be a natural analog 
for the clay smear experiments by Clausen and 
Gabrielsen (2002). In these experiments, water 
content was determined to be the most critical 
experimental parameter allowing clay units to be 
attenuated to lengths many times their original 
thickness, an observation conceptually consis
tent with at least the initial inferred formation 
of the San Ysidro fault core in a groundwater-
saturated state. Subsequent minor deformation 
was accommodated by discrete structures such 

as crosscutting sparry calcite veins, joints, and 
small-displacement faults, suggesting that the 
sediments eventually became stiff enough to 
support fracturing in fluid-saturated media as the 
fault evolved (cf. Rawling and Goodwin, 2006). 
Alternatively, Cashman et al. (2007) have shown 
that creep can be accommodated by particulate 
flow and coseismic slip by deformation bands in 
faulted, unlithified sands above creeping versus 
seismically active segments of the San Andreas 
fault. Thus, the transition in deformation style in 
the San Ysidro fault from distributed particulate 
flow to formation of localized deformation bands 
could reflect compaction and (or) digenetic (i.e., 
cement-related) stiffening of the sediments, and 
(or) a change from creep to seismic strain rates. 

As with faults in rock, the clay-rich core of the 
San Ysidro fault zone is a structural and litho
logic heterogeneity within its protolith. However, 
the formation of the core in the San Ysidro fault 
zone may be indicative of dominantly mechani
cal processes in contrast to the dominantly geo
chemical or combined mechanical-geochemical 
processes reported for the formation of clay-rich 
fault cores in fully lithifi ed rock (e.g., Lovering, 
1942; Sibson, 1977; Bruhn et al., 1990; God
dard and Evans, 1995; Hitzman, 1999; Yonkee 
and Parry, 2001; Eichhubl et al., 2005). We in
fer that the low-permeability, clay-rich fault 
core became part of the San Ysidro fault zone 
predominantly by mechanical entrainment and 
extreme attenuation of a few protolith clay-rich 
beds controlled by particulate flow in ground-
water-saturated materials with little change in 
geochemistry or permeability. In contrast, clay-
rich fault cores in rock commonly form by per
vasive,  permeability-enhancing brittle fracture 
and cataclasis of the protolith with attendant 
mineralogical and (or) geochemical change. 

Once the relatively low-permeability clay-rich 
fault core was formed along much of the length of 
the fault zone, we infer that the San Ysidro became 
a partial barrier to ground water flow and thus, 
potentially, the boundary of a fault compartment. 
Given the relatively high permeability contrast 
between the protolith (as high as 6.8 × 10–12 m2) 
and clay-rich fault core (as low as 3.0 × 10–20 m2), 
and the significant spatial continuity of each low-
permeability fault zone architectural component, 
it is clear that faults in poorly lithifi ed sediments 
might impede modern cross-fault groundwater 
flow and promote anisotropic, along-fault fl ow 
(cf. Caine and Forster, 1999; Rawling et al., 
2001). Although the clay-rich core of the San 
Ysidro fault is laterally persistent along strike, its 
thickness is variable, and it pinches out in a few 
isolated locations. It is the low-permeability fea
tures in this type of system that will throttle down 
groundwater flow across faults (Bredehoeft et al., 
1992; Haneberg, 1995; Heynekamp et al., 1999). 
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Role of water in deformation, Rio Grande Rift 

Thus, identification of the size and location of 
relatively high-permeability “hydraulic holes” in 
such faults is among the key geological factors to 
better understanding the extent that faulting may 
compartmentalize an aquifer or, for that matter, 
a hydrocarbon reservoir. Other important factors 
for such compartmentalization include the loca
tions of low-permeability confining units and 
the three-dimensional geometry of the faulted 
sedimentary sequence, the number of faults, their 
lengths, and types of linkages between them. 

An important finding from the aeromag
netic surveys of Grauch et al. (2001) is that the 
basins of the Rio Grande Rift appear to have 
many more buried, long, and continuous faults 
than have been mapped at the surface. If such 
faults formed by processes similar to those we 
have inferred for the San Ysidro fault, result
ing in pervasive clay-rich and calcite-cemented 
fault cores and mixed zones, these types 
of faults could compartmentalize the basin-fi ll 
aquifers of the Rio Grande Rift to a greater ex
tent than is currently realized. Compartmentali
zation may be exacerbated as pumping stresses 
on the aquifer system increase due to increased 
demand for groundwater from population 
growth and if the climate in the southwestern 
United States becomes more arid—a likely pos
sibility due to global warming (Sheppard et al., 
2002; Englehart and Douglas, 2003). 
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